These studies establish that structurally defined carbohydrate differentiation antigens specify the majority of primary
.
Functionally distinct classes of cutaneous sensory afferents exhibit restricted and stereotyped patterns of axon collateral arborization in the dorsal horn of the spinal cord that can be correlated with the laminar cytoarchitecture of the spinal cord (Brown, 1981; Perl, 1983) . Thus, the central terminals of nociceptive primary afferents are located predominantly within lamina I (the marginal zone) and lamina II (the substantia gelatinosa) (Rethelyi, 1977; Light and Perl, 1979; Ribiero Da Silva and Coimbra, 1982) , whereas the majority of low threshold mechanoreceptive afferents terminate within laminae Ill and IV (the nucleus proprius) of the dorsal horn (Brown et al., 1977; Semba et al., 1983; Ralston et al., 1984) .
Within rat DRG, it has been possible to distinguish subpopulations of neurons by variations in somatic size and ultrastructure (Lawson et al., 1974; Rambourg et al., 1983) . Histochemical and immunocytochemical studies have identified several cytoplasmic antigens that are restricted to subpopulations of large-and small-diameter DRG neurons (Dodd et al., 198313; Lawson et al., 1984) . The smallerdiameter DRG neurons in rats can be divided into three, virtually nonoverlapping, subsets based on the selective expression of the peptides substance P (SP) and somatostatin (SOM) (Hokfelt et al., 1976 ) and a sensory neuron-specific acid phosphatase isoenzyme, fluoride-resistant acid phosphatase (FRAP) (Nagy and Hunt, 1982; Dodd et al., 1983a, b) . No direct correlation between sensory modality and neuronal morphology or cytochemistry has yet been demonstrated.
However, the laminar segregation, in the dorsal horn, of afferent terminals that express these cytoplasmic markers (Nagy and Hunt, 1983) suggests that they are likely to be present in functionally distinct neuronal populations. appropriate afferent synaptic connections in the dorsal horn is dependent on intercellular recognition between subsets of sensory and spinal neurons. Such interactions may be mediated, at least in part, by cell surface molecules located selectively on subsets of primary sensory neurons. Although the existence and chemical nature of such molecules remain to be established, recent studies using monoclonal antibodies (MAbs) to define cell types within the nervous system have revealed that many discriminatory neural cell surface markers are carbohydrate in nature (Raff et al., 1979; Mirsky, 1982) .
We have begun to test the possibility that cell surface carbohydrate structures specify functional sets of primary sensory neurons and contribute to the organization of sensory afferents in the developing spinal cord. In support of this, we have demonstrated that DRG neurons with central projections in laminae Ill and IV of the dorsal horn can be identified by the expression of complex globoseries carbohydrate structures (Dodd et al., 1984; Jesse11 and Dodd, 1985) . In this paper we show that carbohydrate epitopes associated with lactoseries oligosaccharides are also expressed, highly selectively, in the cytoplasm and on the surface of distinct subsets of DRG neurons. Sensory neurons that express individual lactoseries carbohydrate epitopes project to restricted laminar domains in laminae I and II of the dorsal horn. Moreover, the expression of defined lactoseries carbohydrate sequences is correlated with neuropeptides and other chemical markers that appear to delineate functional subclasses of DRG neurons.
Materials and Methods
Immunocytochemistry. Adult CD rats (100 to 200 gm) were anesthetrzed wrth urethane or pentobarbitone and fixed by cardiac perfusion with 50 ml of ice-cold saline followed by 500 ml of ice-cold 4% paraformaldehyde
In 0.1 M phosphate buffer (PB), pH 7.2, or by Bourn's fixative. The sptnal cord and DRG were rinsed overnight in PB containing 30% sucrose. For preparation of fresh frozen sectrons, rats were killed and quickly perfused with 50 ml of ice-cold saline and kept at 4°C during dissection.
In some experiments, acetone-frxed sections were prepared by immersron of fresh frozen sections In acetone at -21°C for 1 to 3 hr. Sections were then dried at -21°C and processed.
Cryostat sections (5 to 10 bm) of fresh frozen or fixed tissue were dried on gelatin-subbed slides and incubated for 18 to 24 hr at 4°C with MAbs in tissue culture supernatant or in purified ascites fluid (diluted 1 :I for supernatant and 1: 100 to 1:300 for ascites) in phosphate-buffered saline (PBS: 0.1 M PB in 0.9% saline), pH 7.2, containing.lO%.fetal calf serum and, wrth fixed tissue, 0.1% Triton X-l 00. Fresh frozen or fixed sections of rat DRG and spinal cord (5 to 10 pm) were processed for immunocytochemistry as described above. After photography and removal of coverslips, the sections were washed for 15 min in 0.2 M Tris-maleate buffer, pH 5.5. Sections were then incubated for 90 min at 37°C in 0.1 M Tris-maleate buffer containing 3.0 mM lead nitrate, 234 mM sucrose, and 2 to 5 mM thiamine monophosphate or guanosine 5'.monophosphate, pH 5.5 (Dodd et al., 1983b) . After washinq in Tris-maleate.
sections were incubated with 1% aqueous ammonium sulfide for 30 set, washed In water, and dehydrated and coverslipped.
The fields that had been examined for immunocytochemistry were relocated and photographed under phase and interference contrast optics.
Tissue culture. DRG neurons were isolated from neonatal rats and marntained in dissociated cell culture for periods of 10 to 56 days using previously described methods (Yamamoto et al., 1981) . Briefly, DRG were dissected from rats in Cd+/Mg'+-free medium and incubated rn collagenase (0.1 mg/ ml) and trypsin (0.1%) for 30 min at 37°C. Ganglia were collected by centnfugation, and a single cell suspension was obtained by tnturation with a fire-polished Pasteur pipette. The cell suspension was filtered through three layers of sterile lens paper, to remove clumps, and was plated onto 35.mm tissue culture dishes treated wtth rat-tail collagen and conditioned medium obtained from cultures of bovine endothelial cornea1 cells. In some experrments DRG cells were plated onto Primaria (Falcon) dishes treated solely with bovine cornea1 cell-conditioned medium. The culture medium consisted of Ham's F12 medium supplemented with 5% heat-inactivated rat serum, 4% 17.day embryonic rat extract, glucose (44 mM), penicillin/streptomycin (50 lU/ml), 2 mM glutamine, 1% 100x vitamin stock (Grand Island Biological Co., Grand Island, NY), and purified 7 S nerve growth factor (1 fig/ml) In some experiments, rats were treated with colchicine (20 pg in 10 11) by Injection into the intrathecal space overlying the lumbar spinal cord and into the muscle bed surroundrng the lumbar DRG, 24 to 48 hr before perfusion of the anrmals.
Nomenclature. The designation of small-, intermedlate-, and large-diameter DRG neurons used in this study is based on the analysis of rat DRG neuron cell body cross-sectional area by Lawson et al. (1974 Lawson et al. ( , 1984 
Galotl-3GalPl-4GlcNAc-R and Gala1 -3Gal@l-4GlcNAc-R I 12 , 1983 ) and lB2/1B7 (Young et al., 1981) are directed against the N-acetyl-lactosamine (Gal@14GlcNAc) backbone unit that forms the basis of type 2 chain lactoseries carbohydrates (Table I; see Fig. 11) (Feizi, 1984 Vol. 5, No. 12, Dec. 1985 type 2 disaccharide epitope represents the backbone structure of several complex lactoseries carbohydrates (see below and Fig. 11 , Table I ), differences in intensity of A5 and iB2/lB7 labeling may reflect the presence of different carbohydrate structures on these three DRG neuronal populations. The type 2 N-acetyl-lactosamine disaccharide epitope is found in both unbranched (i) and branched (I) structures on mammalian cells (Feizi et al., 1971; Fukuda and Fukuda, 1984) . DRG neurons appear to express lactoseries structures that more closely resemble the linear (i) antigens since MAb C6, which recognizes a branched type 2 (I) determinant (Fenderson et al., 1983) did not label adult DRG neurons.
A5+ neurons were present in DRG at cervical, thoracic, lumbar, and sacral levels. Tangential sections through the dorsal roots revealed numerous A5+ afferent fibers which entered the spinal cord via the tract of Lissauer. A dense plexus of A.!? afferent fibers and terminals was present within laminae I and IIA and, at decreased density, in lamina IlBd (Figs. lb and 10 ). A5 immunoreactivity was absent from the ipsilateral dorsal horn of rats subjected to dorsal rhizotomy 14 days before immunocytochemical analysis, indicating that, in the spinal cord, A5 immunoreactivity is restricted to the processes and terminals of primary sensory neurons. Neurons and non-neuronal cells in supraspinal regions of the CNS did not express detectable levels of A5 immunoreactivity.
DRG neurons with central terminal arbors in laminae Ill and IV of the dorsal horn express globoseries carbohydrate antigens (Dodd et al., 1984 ) (see Fig. 10 ). The segregation of afferent terminals expressing globo-and lactoseries antigens suggested that these two classes of carbohydrates are present on functionally distinct populations of DRG neurons. The relationship between globo-and lactoseries carbohydrate antigens in DRG neurons was therefore examined with MAb antr-SSEA4 (mouse lgG3) and MAb A5 (mouse IgM). There was virtually no overlap (< 0.1% of SSEA-4+ neurons were A5+) between SSEA-4+ and A5+ DRG neurons (Fig. 1, c and  d) . Srnce MAb anti-SSEA-3 IS an IgM, experiments with directly labeled MAbs will be necessary to determine the relationship between SSEA-3+ and A5+ terminals in lamina I.
Separate populations of small-diameter DRG neurons with projections to the superficial dorsal horn are known to contain the peptides SP and SOM and the enzyme FRAP (Hokfelt et al., 1976; Nagy and Hunt, 1982) . We therefore examined the relationship between A5+, SP+, and SOM+ DRG neurons. A high proportron of SP+ (-50%) and SOM+ (-80%) DRG neurons were A5+ (Fig. 2, Table II ). Of the three classes of A5+ DRG neurons described above, larger A5+ neurons with prominent membrane labeling were rarely SP+ or SOM+. The A5+/SP+ DRG neurons were usually those that exhibited intense A5' cytoplasmic staining, whereas the A5+/SOM+ neurons almost invariably exhibited weaker A5 cytoplasmic staining (Fig. 2 , a to d). About 60% of A5+ neurons were also FRAP+ (Table II) .
To determine whether DRG neurons also express type 1 (GalPI3GlcNAcR) carbohydrate chains, we used MAb FC10.2, directed against an extended type 1 determinant (Table I) (Gooi et al., 1983) . About 5 to 10% of small-diameter DRG neurons expressed the (Feizi, 1984) . We therefore used MAbs directed against epitopes on complex lactoseries carbohydrates to identify antigens that might be restricted to functional subsets of small DRG neurons contained within the total A5' population.
MAbs KHlO, LD2, TDIO, and TC6 recognize galactose 0c(l,3)-extended N-acetyl-lactosamine structures (Table I) . Although we have shown the fine epitope specificity of each of these antibodies to be different, all four MAbs labeled a similar or identical subpopulation of neurons in adult rat DRG. The distribution of antigens recognized by MAbs KHlO and LD2 will be presented here. The carbohydrate structures recognized by MAbs KHlO and LD2 are restricted to primary sensory neurons and were not detectable in adult sympathetic or parasympathetic neurons or in CNS neurons.
About 25% of DRG neurons, predominantly of small and intermediate diameter, were labeled by each antibody (Table Ill) . MAbs KHlO and LD2 labeled sensory fibers in the dorsal roots and primary afferent fibers and terminals that were present as a dense band coincident with laminae IIA and IlBd (Figs. 3b and 10) . A few KHlO+ and LD2+ fibers projected to deeper laminae in the dorsal horn, although the incidence of such fibers was low. No immunoreactivity was observed in the ipsilateral dorsal horn of animals that had been subjected to a unilateral dorsal rhizotomy 14 days before immunocytochemical analysis (Fig. 3, c and d) , indicating that labeling in the dorsal horn is confined to primary afferents.
There was a striking correlation between the expression of lactoseries carbohydrates recognized by MAbs KHlO and LD2 and the neuropeptide phenotype of small DRG neurons. All of the SOM' but none of the SP' DRG neurons expressed the KHIO and LD2 antigens (Fig. 4 Galfll-4GlcNAc-R 40-45
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NeuAca2-3Galfll-3GalNAcBl -R 11 Randle (1982) against an unidentified cell surface antrgen on PC-13 embryonal carcinoma cells and has been reported to label a subpopulation of small-diameter DRG neurons (Coackham et al., 1982) . The same determinant is found as a developmentally regulated embryonic antigen on preimplantation murine embryos (Randle, 1982) . PC-13 cells have been shown previously to express lactoseries carbohydrate structures that are associated with branched polylactosaminoglycans (Renkonen, 1983) and we have identified the epitope recognized by MAb 2C5 as a linear B-reactive carbohydrate (Table I) . As originally reported by Coackham et al. (1982) we found that MAb 2C5 labeled a subset of small-diameter DRG neurons wtth a specrfrcity similar to that of MAbs KHlO and LD2 (Table Ill) .
Evidence for a differential distribution of complex lactoseries olrgosaccharides on subsets of small-diameter DRG neurons was obtained with MAb LA4. Although MAb LA4 also recognizes a linear B-related carbohydrate structure (Table I) , confirmation of a distinct epitope specificity of MAbs LA4 and KHiO/LD2 was obtained by examining the distribution of the LA4 epitope in adult rat DRG neurons. The LA4 epitope was expressed by 45 to 50% of DRG neurons, predominantly of small and intermediate diameter (Fig. 5a , Table Ill ). In contrast to the intense granular cytoplasmic immunoreactivity detected with other anti-lactoseries antibodies, LA4 immunoreactivity was associated predominantly with perinuclear Golgi apparatus and with the neuronal plasma membrane (Fig. 5a) . The LA4 antigen is also restricted to primary sensory neurons and appears to be absent from spinal cord neurons. Within the spinal cord, LA4+ afferent fibers and terminals were located predominantly within lamina IlBv with fiber and terminal labeling also apparent at lower density, in lamina IlBd (Figs. 5b and 10 ). There was no overlap between LA4+ and SSEA4+ DRG neurons. There was also no overlap between LA4+ and SP+ DRG neurons. All SOM+ DRG neurons were LA4+, although the intensity of LA4 immunoreactivity in these neurons was lower than in the LA4+/SOM-population. In distinction to MAbs KHIO and LD2, however, LA4 labeled greater than 90% of the FRAP+ DRG neurons and, conversely, FRAP+ neurons constituted greater than 75% of LA4+ neurons (Fig. 5 , c to f; Table II ). Since it was technically difficult to combine the indirect immunofluorescence localization of the LA4 antigen with enzyme histochemical localization of FRAP, the overlap between LA4+ and FRAP+ DRG neurons may be more extensive than these numbers indicate. These results provide evidence that MAb LA4 identifies a carbohydrate determinant that is structurally related to, but distinct from, the LD2 epitope. Since the LD2 and LA4 determinants are closely related, it is possible that the weak labeling of SOM+ DRG neurons by MAb LA4 reflects the ability of MAb LA4 to react with more than one carbohydrate antigen on DRG neurons. Alternatively, SOM+ DRG neurons may express two structurally related oligosaccharides, one reactive with MAbs KHIO and LD2, and the other with MAb LA4.
The observation that SP+ fibers in the dorsal horn expressed the type 1 lactoseries antigen recognized by MAb FC10.2 suggested that MAbs directed against complex type i-derived carbohydrate structures might also be associated with SP+ DRG neurons. In support of this, expression of the Lewis a determinant (Table I) We screened several other MAbs that recognize fucosylated or N-acetylgalactosamine-extended lactoseries carbohydrates (Table  I) . With the exception of SSEA-1, which we have previously shown to be present in < 0.1% of adult DRG neurons (Jesse11 and Dodd, 198.5) none of these structures were expressed by rat DRG neurons.
Expression of lactoseries carbohydrate antigens by cranial sensory ganglia. In order to examine whether lactoseries carbohydrates are restricted to sensory neurons that derive from the neural crest, we analyzed the distribution of these antigens in cranial sensory ganglia. There was a striking segregation in the distribution of globoand lactoseries antigens between ganglia of placodal and neural crest origin. The SSEA3 and SSEA4 globoseries carbohydrate antigens were present in more than 90% of neurons in the nodose ganglion, which are thought to derive from placodal structures, whereas less than 10% of neurons in the neural crest-derived jugular ganglion were SSEA-3+ or SSEA-4+ (Fig. 7, a and b) . In contrast, the lactoseries antigens recognized by MAbs A5, KHIO, LD2, and LA4 were present in < 2% of sensory neurons in the nodose ganglion but were present in 30 to 50% of neurons in the jugular ganglion (Fig. 7, c to f) .
Expression of lactoseries carbohydrate antigens on the surface of DRG neurons. To examine whether lactoseries carbohydrates are expressed on the surface of sensory neurons, DRG neurons obtained from 0 to 2-day postnatal rats were grown in dissociated cell culture for periods of 10 to 28 days. Approximately 20% of DRG neurons maintained in culture for IO days expressed the A5 antigen, with immunoreactivity clearly associated with the cell bodies and processes of DRG neurons (Fig. 8, a and b) . Schwann cells and the majority of other non-neuronal cells in the cultures were not labeled by MAb A5. Occasional large, flat cells did express the A5 antigen on the surface. However, the origin of these cells has not been Investigated. Some, but not all of the complex lactosenes carbohydrate antigens were expressed on the surface of cultured DRG neurons. Fewer than 10% of cultured DRG neurons were labeled with MAbs KHIO and LD2 (Fig. 8, c and d) . MAb KHlO-and LD2-reactive carbohydrates were present on the cell bodies and processes of labeled DRG neurons with no starning of non-neuronal cells In the cultures. In contrast, MAb 2C5 drd not label the surface of cultured DRG neurons. MAb LA4 labeled the surface of about 20% of DRG neurons in culture, with labelrng of both cell bodies and processes (Fig. 8, e and f) . LA4+ DRG neurons appeared to be more intensely labeled than DRG neurons incubated, under identical conditions, with other anit-lactoseries MAbs.
These studies establish that lactoseries carbohydrates are expressed on the surface of subsets of DRG neurons. The proportion of cultured DRG neurons labeled with MAbs directed against lactoseries structures was consistently lower than the number of neurons labeled by the same MAbs in sections of DRG from adult rats. Although the FC10.2 and Lewis a determinants were present in subsets of adult DRG neurons, they were not detected on the surface of cultured DRG neurons. In addition, the Lewis b-, Y-, and 1 g-g-reactive structures were not detected on the surface of cultured DRG neurons.
The segregation of cultured DRG neurons expressing globoseries 3288 Dodd and Jesse11 Vol. 5, No. 12, Dec. 1985 and lactoseries antigens was also examined. Less than 1% of SSEADiscussion 4+ DRG neurons in culture were A5+, LD2+, LA4+; or SSEA-l+ (Fig.  9, a to f) . The relationship between the expression of globo-and
The present results provide further evidence that functional sublactoseries determinants on the surface of DRG neurons in culture sets of DRG neurons with restricted central terminal domains in the therefore mimicks that observed in the cytoplasm of DRG neurons dorsal horn of the spinal cord express unique carbohydrate pheno-/n situ.
types. The central terminals of afferent fibers that express globo-
The Journal of Neuroscience Carbohydrate Antigens on Small DRG Neurons 3289 series determinants are distributed sparsely within lamina I and as a afferent fibers in rodents (Nagy and Hunt, 1983) cats, and primates dense plexus within laminae III and IV (Dodd et al., 1984) whereas (Brown, 1981; Perl, 1983) suggests that globoseries determinants the present findings demonstrate that lactoseries immunoreactive may be restricted to myelinated primary afferents and lactoseries afferent terminals are present throughout laminae I and II but are determinants to unmyelinated fibers. Thinly myelinated fibers convirtually absent from regions ventral to lamina II.
veying thermoreceptive and high threshold mechanoreceptive inforComparison of the spinal cord distribution of carbohydrate antimation are known to terminate within lamina I (Pen, 1983) . Many gens with the termination sites of different classes of cutaneous classes of rapidly conducting myelinated afferents that convey low Dodd and Jesse11 Vol. 5, No. 12, Dec. 1985 threshold cutaneous input project to laminae III and IV (Brown, 1981) . expressing lactoseries determinants in the superficial dorsal horn is The localization of globoseries carbohydrates on afferent fibers in consistent with their identity as C and perhaps some A6 fibers (Fig. the dorsal columns and dorsal column nuclei (Dodd et al., 1984) is 10) (Rethelyi, 1977; Gobel et al., 1981) . Lamina I was the only region also consistent with the expression of globoseries determinants by where convergence of afferents expressing globoseries and lactolow threshold myelinated afferents. The distribution of afferent fibers series antigens was observed. These findings are consistent with f/gure 70. Comparrson of the dorsal horn lamina termination site of primary afferent fibers expressing DRG cell surface carbohydrate differentiation antigens wrth the distribution of SP and SOM immunoreactivity and FRAP enzyme reaction product. The region of densest immunoreactivity is designated by the wide bar. The lamina scheme in rat dorsal horn is derived from our own analysis and from Ribiero Da Silva and Coimbra (1982) and Nagy and Hunt (1983) .
physiologrcal observations indicating that lamina I receives input from myelinated and unmyelinated primary afferents that convey different sensory modalities (Bennett et al., 1981; Rethelyi et al., 1982) .
One of the most striking findings in these studies was the relationship between carbohydrate expression and the peptide and enzyme phenotype of small DRG neurons. The fact that several lactoseries carbohydrate antigens are segregated according to peptide expression suggests that there may be a co-ordinate regulation of peptide transmitters and cell surface carbohydrates in DRG neurons. The expression of complex lactoseries carbohydrate antigens in subsets of SP+ and FRAP+ DRG neurons also provides direct evidence for chemical diversity within SP+ and FRAP+ DRG neuronal populations. Other observations suggest that the presence of SP and FRAP may not be restricted to functionally or chemically homogeneous neuronal populations within DRG. SP immunoreactivity has been observed in both myelinated and unmyelinated fibers in the superficial dorsal horn (DiFiglia et al., 1982) and in association with free endings and Meissner's corpuscles in skin (Dalsgaard et al., 1983) . Two distinct patterns of enzyme reaction product are present within FRAP+ DRG neurons (Dodd et al., 1983a) . The restricted expression of carbohydrate antigens in subsets of SP' and FRAP+ DRG neurons may therefore correspond to functionally distinct subsets of these neurons.
Many Intrinsic spinal and supraspinal neurons that project to the superficial dorsal horn express SP and SOM. It is therefore difficult to compare the extent of the laminar distribution of afferents identified by carbohydrate antigens and neuropeptides.
The inclusion of all SOM+ DRG neurons in the class of neurons labeled by the MAbs KHlO and LD2 provides evidence for a more restricted dorsal horn termination pattern of SOM+ DRG neurons than has been revealed by immunocytochemical localization of the peptide itself (Fig. IO) . In total, more than 80% of DRG neurons can be labeled with MAbs directed against globo-and lactoseries determinants (Tables  II and Ill) . Biochemical and immunological studies on other cell types have demonstrated that the backbone globo-and lactoseries carbohydrate sequences can be associated with a much greater diversity of carbohydrate structures than we have so far been able to analyze with available MAbs (Feizi, 1984; Hakomori, 1984; Magnani, 1984) . It is likely, therefore, that DRG neurons that are not labeled with the MAbs used in our studies express alternative complex globo-or lactoseries carbohydrate structures.
Although the distribution of carbohydrate antigens has been analyzed in most detail in the rat, we found that similar or identical carbohydrate structures are present on subsets of primary sensory neurons in many other vertebrate species. The SSEA3 and SSEA4 determinants are present on a similar proportion of DRG neurons and have a similar lamination pattern in the dorsal horn in other strains of rats, in other rodents, and in cats, primates, and certain avian species. The backbone lactoseries sequence recognized by MAbs A5 and 1 B2/1 B7 is also found in subsets of DRG neurons in cats, primates, and birds, although a detailed analysis of these neurons has not yet been performed. Recent studies have demonstrated that structurally related lactoseries antigens that correspond to the ABO blood group phenotype of the tissue donor are selectively expressed on subsets of DRG neurons in primates and humans (Oriol, 1983; Oriol et al., 1984) . These results establish that there is a high degree of conservation in the expression of globo-and lactoseries carbohydrate structures by subpopulations of DRG neurons in vertebrates.
We also detected globo-and lactoseries carbohydrate antigens on other classes of primary sensory neurons and on some specialized sensory transduction cells. Olfactory sensory neurons expressed lactoseries antigens present on DRG neurons (J. Dodd and T. M. Jessell, manuscript in preparation). In addition, taste bud cells in the fungiform and vallate papillae expressed the lactoseries carbohydrates (unpublished observations). These findings indicate a remarkable association of lactoseries carbohydrate structures with sensory neurons and sensory transduction cells. The localization of blood group H and B antigens on rat olfactory sensory neurons and on primary receptor hair cells in the inner ear has also been described recently by Mollicone et al. (1985) suggesting that, unlike DRG neurons, primary sensory cells of the olfactory and auditory system can express H-gene-dependent carbohydrate structures. Both globo-and lactoseries carbohydrate antigens were expressed on the surface of neonatal DRG neurons maintained in culture and on adult DRG neurons. Of the MAbs directed against epitopes associated with linear blood group B-reactive lactoseries carbohydrates, only MAb 2C5 did not label the surface of cultured DRG neurons. This observation suggests that the linear B structure on the surface of DRG neurons is modified by the addition of saccharides that abolish reactivity with MAb 2C5 but not with the MAbs KHlO, LD2, or LA4 (Fig. 11) . Some evidence for modification in the synthesis of lactoseries carbohydrates by rat DRG neurons maintained in culture was obtained with MAb anti-SSEA-I . The SSEA-1 determinant was expressed on the surface of 10 to 15% of cultured DRG neurons, although the same determinant was detectable in less than 0.1% of neurons in sections of neonatal or adult DRG in situ, with no evidence of surface staining. These results suggest that there is an induction of 0((1,3)-fucosyltransferase activity on DRG neurons maintained in culture. oc(l,3)-Fucosylation of the GalPl-4GlcNAc-R structure has been shown to inhibit terminal galactose addition by the B-gene-specified 0c(l,3)-galactosyltransferase (Watkins, 1980) . Inhibition of this galactosyltransferase enzyme could account for the low percentage of cultured DRG neurons labeled by the MAbs KHlO and LD2, which require the al,3-galactosyl structure. The factors that lead to the induction of the SSEA-1 antigen on cultured DRG neurons are not yet clear. The studies in culture, however, clearly demonstrate that globo-and lactoseries carbohydrate antigens are present on the surface of distinct subsets of DRG neurons.
The expression of globo-and lactoseries structures by DRG neurons appears to be related to their embryologic origin. Developmental studies in avian species indicate that primary sensory neurons within DRG can be divided into two major neuronal subtypes: a population of large, early-differentiating ventrolateral cells and a Vol. 5, No. 12, Dec. 1985 Globseries Globseries / Galxl-UXLglJ+GLc-R Galxl~gl~c-R w-13) (3a3) Figure 7 7. Scheme of the possible synthetic pathways that generate the carbohydrate eprtopes recognized by MAbs that label the cytoplasm and surface of subsets of rat DRG neurons. This scheme is tentative and is based on the known epitope specrficity of the MAbs shown, and information on the synthetic oathwavs that lead to the aeneration of the same carbohvdrate determinants on human erythrocytes (Watkins, 1980) . Pathways that generate carbohydrate determinants that are not &pressed by rat DRG neurons'are not shown.
second class of small, later-differentiating dorsomedial cells (Hamburger et al., 1981) . Morphological studies in mammalian species have also demonstrated the existence of two distinct neuronal populations termed large light (LL) and small dark (SD) (Lawson et al., 1984) . Globoseries carbohydrate structures appear to be associated predominantly with the LL cell population in DRG and with placodally derived cranial sensory neurons, The distribution of lactoseries carbohydrates in DRG and cranial sensory ganglia is consistent with a preferential association with SD DRG neurons and neural crest-derived cranial sensory neurons. Since the glycosyl transferases that are required for the synthesis of the carbohydrate antigens on DRG neurons are expressed at very early stages of embryonic development (Stern, 1984) it is possible that sensory neuron-specific carbohydrate antigens will represent useful markers for studying the early lineage and differentiation of DRG neurons.
The function of globo-and lactoseries carbohydrate antigens on mammalian cell surfaces is not clear at present. The regulation of globo-and lactoseries carbohydrate structures during embryonic development and differentiation has been examined particularly intensively in recent years. The sequential, stage-dependent expression of both lactoseries and globoseries carbohydrates has been described in early preimplantation murine embryos (Solter and Knowles, 1978; Kapadia et al., 1981; Knowles et al., 1982; Willison et al., 1982; Kannagi et al., 1983b; Feizi, 1984; Stern, 1984) . Initial expression of the lactoseries carbohydrate antigen recognized by MAb anti-SSEA-1 immediately precedes compaction of cleavagestage embryos (Solter and Knowles, 1978) . Moreover, the addition of lacto-N-fucopentaose Ill, an oligosaccharide that expresses the SSEA-1 epitope, has been reported to reverse the calcium-independent phase of embryonic compaction and to inhibit subsequent blastocyst formation (Bird and Kimber, 1984; Fenderson et al., 1984) . The ability of sugar haptens to inhibit or reverse compaction appears to be selective and is dependent on the presence of fucose a(l,3) or ~y(l,4) linkages (Bird and Kimber, 1984) and also on the valency of molecules expressing these carbohydrate structures (Fenderson et al., 1984) . Antibodies directed against F9 teratocarcinoma antigens that are known to express SSEA-l-reactive carbohydrates have also been shown to inhibit embryonic compaction (Kemler et al., 1979) . These studies suggest a functional, but still undefined, role in early embryonic development for one class of carbohydrate structure that is subsequently expressed on the surface of DRG neurons.
Cell surface glycoconjugates have also been implicated in adhesion between neural cells. A series of related cell adhesion molecules (CAMS) have been shown to mediate neuron-neuron and neuronglial adhesive interactions in the developing nervous system (Goridis et al., 1983; Edelman, 1984; Rutishauser, 1984) . Immunological and biochemical studies have revealed a developmental regulation of the carbohydrate composition of N-CAM, and there is recent evidence that CAMS that mediate distinct adhesive interactions in the developing nervous system (Rathjen and Rutishauser, 1984) can be identified by MAbs that detect carbohydrate structures (Kruse et al., 1984) . These observations suggest that both the total degree of glycosylation and the diversity of carbohydrate structures on cell adhesion molecules may contribute to the selectivity of neural interactions at specific times and within specific regions of the developing nervous system.
The expression by DRG neurons of globo-and lactoseries carbohydrates that have been implicated in cell-cell interaction during preimplantation embryonic development raises the possibility that molecules bearing these determinants might play similar roles in the development of spinal sensory systems. Since most of the globoand lactoseries structures we have examined are restricted to sensory neurons, interactions with spinal cord target cells may be mediated by the binding of sensory neuron carbohydrates to complementary cell surface molecules. Carbohydrate-binding proteins have been isolated from several vertebrate species (Barondes, 1984) and represent one class of molecules with the potential for interaction with carbohydrates on DRG neurons. Endogenous mammalian lectins exhibit a high affinity for lactoseries structures (Childs and Feizi, 1979; Sarkar et al., 1979) that we have shown to be present on the surface of subsets of rat DRG neurons. Moreover, this class of carbohydrate-binding protein is known to be developmentally regulated in vertebrate brain (Kobiler and Barondes, 1977) and spinal cord (Eisenbarth et al., 1978) .
Although the interaction between spinal cord carbohydrate-bind-
